US012123297B1

United States Patent

(12) ao) Patent No.: US 12,123,297 B1
Katayama et al. 45) Date of Patent: Oct. 22,2024
(54) MAGNETOMETER BIAS AND EDDY 5,564,193 A * 10/1996 Brooks .............. GO1V 3/26
CURRENT COMPENSATION FOR DYNAMIC 33/304
SURVEYING PRELIMINARY 7,950,473 B2* 5/2011 Sugiura ................ E21B 47/02
175/45
B . 9,945,222 B2 4/2018 Sugiura et al.
(71) Applicant: 2Chl“mbte.rgerSTeChllL°l°§yTX S 9982525 B2* 52018 Brooks ... E21B 47/022
orporation, Sugar Land, TX (US) 10,094,850 B2* 10/2018 Brooks ............... E21B 7/06
. 10,584,575 B2* 3/2020 Brooks ....... .. E21B 47/022
(72) Inventors: Makito Katayama, Cheltenham (GB); 10,641,077 B2*  5/2020 Sullivan .. E21B 44/00
Edward Richards, Cheltenham (GB); 10,890,062 B2* 1/2021 Rodney ... E21B 44/00
Andrew Whitmore, Cheltenham (GB) 2004/0222019 Al* 11/2004 Estes ................ E21B 47/026
175/45
(73) Assignee: SCHLUMBERGER TECHNOLOGY (Continued)
CORPORATION, Sugar Land, TX
us) FOREIGN PATENT DOCUMENTS
(*) Notice: Subject to any disclaimer, the term of this CN 109633757 A * 4/2019 ... GO1V 3/10
patent is extended or adjusted under 35
U.S.C. 154(b) by 29 days. Primary Examiner — Jennifer H Gay
(21) Appl. No.: 18/296,588 (74) Attorney, Agent, or Firm — leffrey D. Frantz
(22) Filed: Apr. 6, 2023 (57) ABSTRACT
(31) Int. Cl. A method for drilling a subterranean wellbore includes
E21B 47/024 (2006.01) rotating a bottom hole assembly (BHA) in the subterranean
E21B 7/04 (2006.01) wellbore to drill, in which the BHA includes a drill collar, a
E21B 44/00 (2006.01) drill bit, a roll-stabilized housing deployed in the drill collar
GOIP 15/18 (2013.01) and configured to rotate with respect to the drill collar, and
(52) US. ClL triaxial accelerometer and triaxial magnetometer sets
CPC ... E21B 47/024 (2013.01); E2IB 7/04 deployed in the roll-stabilized housing. Triaxial accelerom-
(2013.01); E21B 44/00 (2013.01); GOIP 15/18 eter and triaxial magnetometer measurements and a drill
(2013.01) collar rotation rate measurement are made while the BHA
(58) Field of Classification Search rotates. A wellbore inclination and a gravity tool face of the
CPC ... e e E21B 47/024, Ele 7/04 roll-stabilized housing are Computed from the triaxial accel-
See application file for complete search history. erometer measurements. The computed inclination and
. gravity toolface, the triaxial magnetometer measurements,
(56) References Cited and the measured rotation rate of the drill collar are pro-
U.S. PATENT DOCUMENTS .cessed. to compute an azimuth of the subterranean wellbore
in which influences of eddy currents and magnetometer
5012412 A *  4/1991 Helm ..ooccoocccrnrnnn, E21B47/022  biases are accounted.
702/9
5,452,518 A *  9/1995 DiPersio ......cccc..... GO1V 3/26
33/304 15 Claims, 9 Drawing Sheets
- . 102
100~ Rotate Drill Bit to Drill - 10
Make Accelerometer anq Mag_ngtometer 104
Measurements While Drilling
Process Accelerometer Measurements
to Compute Wellbore Inclination ~-106
Process the Wellbore Inclination and the -
Magnetometer Measurements with a Kalman 108
Filter to Compute the Wellbore Azimuth, an Eddy
Current Compensation, Magnetometer Bias

| Adjust the Direction of Drilling in Response to the 1
| Wellbore Inclination and Wellbore Azimuth _}\1 12



US 12,123,297 B1

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS

2005/0199425 Al* 9/2005 Estes ..o HO4L 63/0272
175/50
2010/0126770 Al* 5/2010 Sugiura ............... E21B 17/1014
175/45
2013/0124095 Al*  5/2013 Sugiura ................. E21B 44/00
702/9
2013/0151157 A1* 6/2013 Brooks ............. E21B 47/022
702/9
2013/0151158 Al1* 6/2013 Brooks ............. E21B 47/022
702/92
2015/0378043 Al* 12/2015 Brooks ............. E21B 7/06
702/9
2018/0258702 Al* 9/2018 Marson .................. E21B 7/067
2018/0266237 Al* 9/2018 Brooks ........... E21B 47/022
2019/0353023 Al* 11/2019 Whitacre ............... GO1V 3/38

2021/0108502 Al 4/2021 Whitacre
2022/0136380 Al* 5/2022 Kuckes ......c......... E21B 7/064
175/24
2022/0251938 Al* 82022 Whitmore .............. E21B 7/06

* cited by examiner



U.S. Patent Oct. 22, 2024 Sheet 1 of 9 US 12,123,297 B1
10
’,_./
= 12
_il% e el
NZ NN FiG. 1
Pnrtangionnsinginn Sgin T e e e e e e
TH—30 __
18
] sy
16
AL &, (R AR AR AR AR A7
\\/\\1\\4\4\\\\@;\}{; SRR ARG RR G RGEAT IR
N N
7 \//
N
40 — P KK
« ¥
AT
e N
N NN
G A B
vA
R NI
\/\\/\\/ \\/\\/\\/
,\ /\\ \ \ N
/,{;/ \g/
o #
\ N

60
50 YN 32
I N )
h) 7 f
] I u_g|
R
RNINTN/IN/A



U.S. Patent Oct. 22, 2024 Sheet 2 of 9 US 12,123,297 B1

60 32
\ /
< 65
‘\\
.-\ 69 @ .\\67
§ —
62 FIlG. 2
62 85
/ /m’\m\
i
== CJ ‘
(T H-86
N .
62 88
Bsensor

-"'
-.__,,‘-
ww®




US 12,123,297 B1

Sheet 3 of 9

Oct. 22, 2024

U.S. Patent

a]euIp100) 3N
8]BUIPI00Q [BGO|D)

AD

2

q d
4

-

-

N
S9]eUIPI00Y) |BgO|Y)

v DIA
$a1eUIPI00) eulBLp
\\\\\\\\Mmzém T
Gz /4 0 0\ /% 0 9%\/% % ¢\ 0/; 0=0ou| O
?v 0 uc wm, oo 0 ?m %9 0)= Tv 0=419 ¢
\ il L -
X7\ g Ag/\8s- g 8)/\ 0 0 L X g=wizy

0,70/ %0 S 0\/8 0 6s-\/L 0 0\ 0y,
?v 95 6 Ao Lo o g Ag)= ?v
X/N 0 0 1/\8s 0 63/\0 g Ay X

aIN-Oy

SN0 - o Y
QT 0 ovnﬁ
x/\o o i
mct
91BUIPI00Y

Z
A
X

VO-S1Id ¥ 10SU8S

91BUIPI00D (d

Addd

)

X80d AX, 0 Qv‘
B 53

/80d

AS

S9]BUIPIO0Y) |9A8T |00

/S



U.S. Patent

Oct. 22, 2024

Sheet 4 of 9

US 12,123,297 B1

100, Rotate Drill Bit to Dril 102
i
Make Accelerometer and_ Mag‘ngtometer | 104
Measurements While Drilling
¥
Process Accelerometer Measurements
to Compute Wellbore Inclination ~-106
Y
Process the Wellbore Inclination and the L
Magnetometer Measurements with a Kalman 108
Filter to Compute the Wellbore Azimuth, an Eddy
Current Compensation, Magnetometer Bias
f”"“.“““““”‘?‘”.“‘“‘"‘}f’.‘“’. ““““““““ M
{ Adjust the Direction of Drilling in Response to the 1
| Wellbore Inclination and Wellbore Azimuth -}\1 12
FIG. 6A4
102
Drill
Y
104
W, Gy, Gy, Gy By.B.B, |}~
106 Y Y {
NS Inc GTF Updated Bias, v, B
v
: 108
»  Kalman Filter P~
{ 109
¥ /
Azimuth Bias, v, B
A 4
14
Azimuth, Inclination FIG. 6B




U.S. Patent Oct. 22, 2024 Sheet 5 of 9 US 12,123,297 B1

Rotate Drill Bit to Drill |~ 122

120 L
AN Make Accelerometer and Magnetometer Measurements and 124
a Drill Collar Rotation Rate Measurement While Drilling

¥
Process Accelerometer Measurements
to Compute Wellbore Inclination ~-126

4
Process Drill Collar Rotation Rate to Compute
Eddy Current Compensation Term 128

¥
Process the Wellbore Inclination, the Eddy Current
Compensation Term, and the Magnetometer L
Measurements with a Kalman Filter to Compute the 130
Wellbore Azimuth and Magnetometer Bias

_____________ ‘o

r Adjust the Direction of Drilling in Response {o the
{_ Wellbore Inclination and Wellbore Azimuth 1™~132




US 12,123,297 B1

Sheet 6 of 9

Oct. 22, 2024

U.S. Patent

A gL DIA
UOHBUIOU| ‘yInizy
Omw./ 90 ;
F § I
81~ Aamndwon g ‘A ‘seig nwizy
 BIe(] _
2 »|  191]i4 UBWI[E
USIONS A i . % ™08
fo-toa§: Iy
e ot
9t -7 oM g ‘A ‘seig paiepdn 119 au|
» I ¥ i
144" 3
- 7q ‘Ag X
uons9ja( abueyn 874 d
- B[|0
N.V—' En_mur il D N@ ;@ ,Xmu
g o
Orl
'y /
\ 174"
[114d
0Z1 221




U.S. Patent Oct. 22, 2024 Sheet 7 of 9 US 12,123,297 B1

z

162~ Rotate Drill Bit to Dril}

3 160
164~ Slowly Rotate Roll Stabilized Sensor Housing «
166~ Make Accelerometer and Magnetometer

Measurements in Slowly Rotating Sensor Housing

!

Process Accelerometer Measurements
1687 to Compute Wellbore Inclination

A
170" Compute Eddy Current Compensation Term{s)

!

179 -1 Compute Magnetomeler Bias

!

174 Compute Welibore Azimuth

{“ Adjust the Direction of Drilling in Response to _]l
178/1 the Wellbore Inclination and Wellbore Azimuth J FIG. 94



US 12,123,297 B1

Sheet 8 of 9

Oct. 22, 2024

U.S. Patent

ploysaiyj HOBUHDY| ‘Uinunzy
A > 10417 A Y
o0 20 LINUZY 1891 8}
1 ; i » inuizy
A gpndiuon 410 o SEIH HNWzy o 971~ 4 SNOIAS]
| aiepdn 0} YSI i .ﬁ a0
- — | _ |
JUBIoING A é
WaIoNS AV» il 8 dld 0
Ble(] 1994}0) » » +
0} AR HEA $58901d dV
ﬁ r _I» ! )\ 4 *
n 419 ]
‘SBIg i
A A ‘SWBIO1YB0) t
0/ K« uonomeg abury) M\ U0110312(] LUONBIoY 1501 \
. 081 . ! )
NIdY 1B}j109 BuIsSno 10suag L 891
1 » Nm *>m .Xm N@ _\/w ”X@
M 991
qg6 D14 ¥
Buisnoy 1osusg ojejoy AIMOIS N_ -

t

Hid

291



US 12,123,297 B1

Sheet 9 of 9

Oct. 22, 2024

U.S. Patent

204

N

o

o
J <2 ‘ <

3 2

BEEEN SEEE M T
[ § 1 § ¢ H
t ' | 1 t M t i
oot i 1 § ¢ i
[ | 1 t M u M
P i 1 §

T (I B | ] = ! i :
1 R i [ Yt i e e i il o
[ I il 1 i ! t
I (I R | i h <« t §
[ i | § [} » M

b 1 | t
i t 1 1 § ! O ! i
A 1 | : i \\..\ i :
P i < 1 f < ' \ ' i
b 1 t [ R 1 [P S e IS O oo e e e b e e e R,
1 ! 1 ¥ i 1 =¥ i i i
[ t — 1 t — | ¢ t
1 : t ! 1 t t i
[ § 1 § ! ! ]
t t 4 ! t “ u M
I < “ | jon * * :
..§.ﬂw ..... ORI 4= e . == s e
[I i o~ “ “ o t t H
I T 1 i A ! i t
ol | l t ! i
[ § 1 § ! i sl H
t ' | 1 t “ m % i
Pt i 1 § f 3
IR T e I 1 2 } ! '
b | t T ] i i ~ D PSSR KA S JE QU
[ § o 1 i < i 1 :
i ! i Rl ! i o t H i
i t 1 1 i ! i i
o ! | t t ! §
[ § 1 § ! i 3
1 ] 1 ! 1 i H ¢
1 § +
.- G nw 4B prvmapvnavh &3 T T T
T 2 | ¢ M ek Sl Rkhalediaiatins 3-3e ikl T
[ I A== 1 } 0 i i :
t i t ! 1 t ! i
i t i i § ! i i
tod t 1 t t 1 §
i i i i i ! i H
tod t | t i t §
i t i L] i i [a] ! { 3
el ] B A S g 4 S e e e e o e e RIS — — — O
i 1 i ©2 I t « i t i
i t i 1 i ! ' i
[ | | i t ¢ §
[ § 1 § ' i H
t ' t 1 t u w i
[ i 1 § i 3
..%.g.. avehavnab oo iR ! ! d AR !
TR e B ™~ _ﬁ .ﬂ =4 : ; : :
+
t ! ! = 1 t ~ ” H 1 i
[ | 1 t i 1 [ew)
t i t ! t t ! 1
Pt i 1 § ! i i 2
[E . ] I ! “ ! 1 N
P i 1 § i i '
I T e I ; < i ! 1 t
] t [ R | i B3 2 s e e e e e e e e e e SRRRRRER - - - - g
[ T A I j o : i } §
1 ! 1 ! i i ! 1 H
l t i 1 1 H ' i 3
t ! t ! t t ! 1 i
[ § 1 § ¢ i i i
t i i 1 t i t t i
[ | b4 = | _ } |
o O <D 9] <D e jose] <o
< <> Mn/u_ < [d=) [ o) el Y <t
Raeal ko haae
Bap] 41 [wdi] 100 yHg [{fep] uinwizy

400 600 800 1000 1200 1400 1600 1800

200

FIG. 10



US 12,123,297 Bl

1
MAGNETOMETER BIAS AND EDDY
CURRENT COMPENSATION FOR DYNAMIC
SURVEYING PRELIMINARY

FIELD

Disclosed embodiments relate generally to surveying
while drilling methods in rotary systems employing a roll-
stabilized housing and more particularly to surveying meth-
ods for obtaining wellbore azimuth while drilling.

BACKGROUND

In conventional drilling and measurement while drilling
(MWD) operations, wellbore inclination and wellbore azi-
muth are determined at a discrete number of longitudinal
points along the axis of the wellbore. These discrete mea-
surements may be assembled into a survey of the well and
used to calculate a three-dimensional well path (e.g., using
the minimum curvature or other curvature assumptions).
Wellbore inclination is commonly derived (computed) from
tri-axial accelerometer measurements of the earth’s gravi-
tational field. Wellbore azimuth (also commonly referred to
as magnetic azimuth) is commonly derived from a combi-
nation of tri-axial accelerometer and tri-axial magnetometer
measurements of the earth’s gravitational and magnetic
fields.

Static surveying measurements are commonly made after
drilling has temporarily stopped (e.g., when a new length of
drill pipe is added to the drill string) and the drill bit is lifted
off bottom. Such static measurements are often made at
measured depth intervals ranging from about 30 to about 90
feet. While these static surveying measurements may, in
certain operations, be sufficient to obtain a well path of
suitable accuracy, such static surveying measurements are
time consuming as they require drilling to temporarily stop
and the drill string to be lifted off the bottom of the wellbore.

While the use of dynamic surveying measurements is
known, such measurements tend to be prone to error, for
example, from magnetic interference such as eddy current
induced magnetic fields and uncompensated magnetometer
bias. There is a need in the industry for improved methods
for making dynamic surveying, particularly, dynamic azi-
muth measurements while drilling.

SUMMARY

A method for drilling a subterranean wellbore is dis-
closed. The method includes rotating a bottom hole assem-
bly (BHA) in the subterranean wellbore to drill, in which the
BHA includes a drill collar, a drill bit, a roll-stabilized
housing deployed in the drill collar and configured to rotate
with respect to the drill collar, and a triaxial accelerometer
set and a triaxial magnetometer set deployed in the roll-
stabilized housing. Triaxial accelerometer and triaxial mag-
netometer measurements and a drill collar rotation rate
measurement are made while the BHA rotates. A wellbore
inclination and a gravity tool face of the roll-stabilized
housing are computed from the triaxial accelerometer mea-
surements. The computed inclination, the computed gravity
toolface, the triaxial magnetometer measurements, and the
measured rotation rate of the drill collar are processed to
compute an azimuth of the subterranean wellbore, wherein
influences of eddy currents and magnetometer biases are
accounted for in the computed azimuth.

This summary is provided to introduce a selection of
concepts that are further described below in the detailed
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description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it
intended to be used as an aid in limiting the scope of the
claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the disclosed
subject matter, and advantages thereof, reference is now
made to the following descriptions taken in conjunction with
the accompanying drawings, in which:

FIG. 1 depicts a drilling rig on which disclosed embodi-
ments may be utilized.

FIG. 2 depicts a lower BHA portion of the drill string
shown on FIG. 1.

FIGS. 3A and 3B (collectively FIG. 3) depict a schematic
representation of a roll-stabilized housing deployed in a
downhole tool.

FIG. 4 depicts multiple coordinate systems and their
relationship to one another.

FIG. 5 depicts a cross section of an example rotary
steerable tool including schematic magnetic field vectors.

FIGS. 6A and 6B (collectively FIG. 6) depict flow charts
of example methods for drilling a subterranean wellbore.

FIGS. 7A and 7B (collectively FIG. 7) depict flow charts
of other example methods for drilling a subterranean well-
bore.

FIG. 8 depicts a cross section of an example drill collar
including schematic magnetic field vectors.

FIGS. 9A and 9B (collectively FIG. 9) depict flow charts
of still other example methods for drilling a subterranean
wellbore.

FIG. 10 depicts plots of sensor housing toolface, drill
collar rotation rate, and wellbore azimuth with time for a
synthetic example implementation of the methods depicted
in FIG. 9.

DETAILED DESCRIPTION

The particulars shown herein are by way of example and
for purposes of illustrative discussion of the embodiments of
the subject disclosure only and are presented in the cause of
providing what is believed to be the most useful and readily
understood description of the principles and conceptual
aspects of the subject disclosure. In this regard, no attempt
is made to show structural details in more detail than is
necessary for the fundamental understanding of the subject
disclosure, the description taken with the drawings making
apparent to those skilled in the art how the several forms of
the subject disclosure may be embodied in practice. Fur-
thermore, like reference numbers and designations in the
various drawings indicate like elements.

Methods for drilling a subterranean wellbore are dis-
closed. Example methods include rotating a BHA in the
subterranean wellbore to drill, in which the BHA includes a
drill collar, a drill bit, a roll-stabilized housing deployed in
the drill collar and configured to rotate with respect to the
drill collar, and a triaxial accelerometer set and a triaxial
magnetometer set deployed in the roll-stabilized housing.
Triaxial accelerometer and triaxial magnetometer measure-
ments and a drill collar rotation rate measurement are made
while the BHA rotates. A wellbore inclination and a gravity
tool face of the roll-stabilized housing are computed from
the triaxial accelerometer measurements. The computed
inclination, the computed gravity toolface, the triaxial mag-
netometer measurements, and the measured rotation rate of
the drill collar are processed to compute an azimuth of the
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subterranean wellbore, wherein influences of eddy currents
and magnetometer biases are accounted for in the computed
azimuth. In certain example embodiments, the computed
gravity toolface, the triaxial magnetometer measurements,
and the measured rotation rate of the drill collar are pro-
cessed with a Kalman Filter. In other example embodiments,
the measured rotation rate of the drill collar is processed to
compute an eddy current compensation term. In still other
example embodiments, the triaxial magnetometer measure-
ments are processed using multi-station analysis to compute
the magnetometer bias.

Example embodiments disclosed herein may provide
various technical advantages and improvements over the
prior art. For example, an improved method and system for
drilling a subterranean wellbore includes making dynamic
survey measurements, such as wellbore inclination and
wellbore azimuth measurements, in substantially real time
while drilling a well (e.g., several measurements per minute
or several measurements per foot of measured depth of the
wellbore). Moreover, the disclosed embodiments may
advantageously compensate (account for) eddy currents in
the drill collar and/or roll-stabilized housing and magnetom-
eter bias in the magnetometer measurements and may there-
fore provide improved accuracy (particularly dynamic azi-
muth measurements having improved accuracy). The
disclosed embodiments may further compute updated eddy
current compensation terms and magnetometer bias while
drilling and may therefore advantageously account for
changes in eddy current and magnetometer bias effects
during the drilling operation.

It will be appreciated that the disclosed embodiments may
further provide a much higher density of survey measure-
ments along the wellbore profile than are available via
conventional static surveying methods, thereby enabling a
more accurate wellbore path to be determined. Improving
the timeliness and density of wellbore surveys may further
advantageously improve the speed and effectiveness of
wellbore steering activities, such as wellbore path correction
and anti-collision decision making.

FIG. 1 depicts a drilling rig 10 suitable for implementing
various method embodiments disclosed herein. A semisub-
mersible drilling platform 12 is positioned over an oil or gas
formation disposed below the sea floor 16. A subsea conduit
18 extends from deck 20 of platform 12 to a wellhead
installation 22. The platform may include a derrick and a
hoisting apparatus for raising and lowering a drill string 30,
which, as shown, extends into wellbore 40 and includes a
drill bit 32 and a rotary steerable tool 60. Drill string 30 may
further include a downhole drilling motor, a downhole
telemetry system, and one or more measurement while
drilling (MWD) or logging while drilling (LWD) tools 50
including various sensors for sensing downhole character-
istics of the wellbore and the surrounding formation. The
disclosed embodiments are not limited in these regards.

It will be understood by those of ordinary skill in the art
that the deployment illustrated on FIG. 1 is merely an
example. It will be further understood that disclosed
embodiments are not limited to use with a semisubmersible
platform 12 as illustrated on FIG. 1. The disclosed embodi-
ments are equally well suited for use with any kind of
subterranean drilling operation, either offshore or onshore.

FIG. 2 depicts the lower BHA portion of drill string 30
(FIG. 1) including drill bit 32 and rotary steerable tool 60.
The rotary steerable tool may include substantially any
suitable rotary steering tool including a roll-stabilized con-
troller (or control unit) deployed in a roll-stabilized housing
or an otherwise substantially non-rotating or geostationary
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4

housing. By roll-stabilized it is meant that the sensor hous-
ing is substantially non-rotating with respect to the wellbore
(or may at times rotate slowly in comparison to the drill
string).

While FIG. 2 depicts a rotary steerable tool 60, it will be
understood that the disclosed embodiments are not limited to
the use of a rotary steerable tool. Moreover, while navigation
sensors 65 and 67 (e.g., accelerometers and magnetometers)
may be deployed and the corresponding sensor measure-
ments processed in a rotary steerable tool (e.g., as depicted
on FIG. 2), they may also be located in a roll-stabilized
housing located substantially anywhere in the drill string.
For example, with reference again to FIG. 1, drill string 30
may include a measurement while drilling tool 50 including
corresponding sensors 65 and 67 deployed in a roll-stabi-
lized housing. As is known to those of ordinary skill in the
art, such MWD tools 50 may further include a mud pulse
telemetry transmitter or other telemetry system, an alternator
for generating electrical power, and an electronic controller.
It will thus be appreciated that the disclosed embodiments
are not limited to any specific deployment location of the
navigational sensors in the drill string.

The example rotary steerable tool 60 and/or MWD tool 50
depicted include(s) tri-axial accelerometer 65 and tri-axial
magnetometer 67 navigation sensor sets. These navigation
sensors may include substantially any suitable available
devices. Suitable accelerometers for use in sensor set 65 may
include, for example, conventional Q-flex type accelerom-
eters or micro-electro-mechanical systems (MEMS) solid-
state accelerometers. Suitable magnetic field sensors for use
in sensor set 67 may include, for example, conventional ring
core flux gate magnetometers or magnetoresistive sensors.
The navigations sensor may further optionally include gyro-
scopic sensors such as a rate gyro or a MEMS type gyro.

With continued reference to FIGS. 1 and 2, rotary steer-
able tool 60 and/or MWD tool 50 may further include a
rotation rate sensor 69 configured to measure a difference in
rotation rates between the roll-stabilized housing and the
drill collar 62 (which is equal to the rotation rate of the collar
when the roll-stabilized housing is geostationary). Substan-
tially any suitable rotation rate sensors may be utilized, for
example, including a sensor (or sensors) deployed in the
roll-stabilized housing and one or more markers (such as
magnetic markers) deployed on the collar 62. In example
embodiments, the sensor(s) may send an electrical pulse to
a controller each time one of the markers rotates by the
sensor and the rotation rate may be computed from the time
interval between pulses. In one example embodiment, the
sensor includes a Hall-effect sensor and the markers may be
magnetic markers, although the invention is expressly not
limited in this regard.

FIGS. 3A and 3B (collectively FIG. 3) depict a schematic
representation of one example of a roll-stabilized housing 70
(e.g., a sensor housing) deployed in a rotary steerable tool 60
(FIG. 2). It will be understood that this is merely an example
and that the disclosed method embodiments are not limited
to any particular roll-stabilizing mechanism or configura-
tion. In the depicted example, the roll-stabilized housing 70
is mounted on bearings such that it is rotationally decoupled
from (able to rotate independently with respect to) tool
collar 62. In the depicted embodiment, first and second
alternators 80, 85 (e.g., of the permanent magnet synchro-
nous motor type) are separately mounted on opposing axial
ends of the roll-stabilized housing 70. The corresponding
stator windings 81, 86 are mechanically continuous with the
roll-stabilized housing 70 (and are therefore rotationally
coupled with the roll-stabilized housing). Corresponding
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rotors including permanent magnets 82, 87 are configured to
rotate independently of both the roll-stabilized housing 70
and the tool collar 62. Impeller blades 83, 88 are mechani-
cally contiguous with the corresponding rotors and span the
annular clearance between the housing 70 and the tool collar
62 such that they rotate, for example, in opposite directions
with the flow of drilling fluid 45 through the tool.

In the depicted example, the rotational orientation of the
housing 70 may be controlled by the co-action of the
alternators 80 and 85 in combination with feedback provided
by the navigation sensors (e.g., accelerometers and/or mag-
netometers) deployed in the housing. The impellers 83 and
88 being configured to rotate in opposite directions apply
corresponding opposite torques to the housing 70. The
amount of electrical load on the torque generators 80 and 85
may be changed in response to feedback from the at least
one of the sensors 65 and 67 (FIG. 2) to vary the applied
torques and thereby control the orientation of the housing.
When used in a rotary steerable system, the control unit may
have an output shaft that is rigidly connected to a rotary
valve. The rotary valve directs fluid from the flow to an
actuator in a steering bias unit, which then acts to steer the
tool (e.g., by acting on the wellbore wall or by acting on a
bit shaft). Thus, by controlling the orientation of the control
unit, the orientation of the rotary valve is controlled, thereby
providing steering control.

With continued reference to FIGS. 2 and 3, it will be
appreciated that rotation of the collar 62 or roll-stabilized
housing 70 in the Earth’s magnetic field may cause an eddy
current (or currents) therein (owing to the Lorentz force
created by the Earth’s field penetrating the rotating mem-
bers). These eddy currents may create additional magnetic
fields along a radial axis of the BHA and thereby interfere
with the magnetic field measurements (made by sensor set
67).

Moreover, the magnitude of the eddy currents and the
corresponding interfering magnetic fields may depend on the
size and geometry of the drill collar, the rotation rate of the
drill collar and/or housing, and the type of drilling fluid
utilized in the drilling operation. There is a need for methods
to compensate (account) for interfering magnetic fields
generated by eddy currents (particularly since these fields
can change during the drilling operation).

It will also be appreciated that magnetometer measure-
ments can be biased and that the bias may be dependent on
the magnetization of the collar and other tool structures in
the vicinity of the sensors. While multi-station analysis
(MSA) has been used to remove a constant bias offset, it has
been found that the bias offset can change within (during) a
drilling operation and that surface data and measurements
are generally not sufficient to model the changing bias offset
over time and depth while drilling. There is a further need
for methods to compensate (account) for offset bias of the
magnetometers, particularly offset bias that changes during
a drilling operation.

FIG. 4 depicts multiple coordinate systems and their
relationship to one another. A global north-east-down (NED)
coordinate system is commonly used in the industry for
simplicity (with north and east referring to north and east
directions on the surface of the earth and down referring to
a direction pointing directly towards the gravitational center
of the earth). Multiple commonly used tool coordinate
systems are also shown in FIG. 4, including a PowerDrive
(PD) coordinate system, a Sensor (S) coordinate system, and
an Original (O) coordinate system. FIG. 4 further shows
mathematical transformations that may be used to convert
measurements from one coordinate system to another. As
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used herein, the original O coordinate system is defined to
align with the NED coordinate system at zero azimuth, zero
toolface, and zero pitch angle (the pitch angle is defined as
the inclination minus ninety degrees). The relationship
between the NED and original (tool) coordinate systems
may be expressed mathematically, for example, as follows:

X
Y =
Z JnEp

X Cy =Sy 0y Cg 0 Sgy(1 0 0O X
RNEDO[ Y] =|lsy C O [ 0 1 0 ] 0 Cy =Sy [Y]
ZJo 0 0 1NA=8 0 GAO S Cy ZJo

x 1 0 0YC 0 =S\ Gy Sy OYX
RONED[Y] =[0 Cs Sy [0 1 0 ] -Sy Cy O [Y]
Zlwp \O =S4 G NS 0 GG A 0o 0 1NZ)w

where C represents cosine, S represents sine,  represents
the azimuth, ¢ represents the gravity tool face, and ©
represents the pitch angle. For a coordinate system employ-
ing inclination (rather than pitch angle), the relationship
between the NED and original coordinate systems may be
expressed, for example, as follows:

X
Z JnEp

X Gy =Sy OV 0 —Cry(1 0 0 yx
RNEDO[Y] =lsy Cy O [ 01 0 ] 0 Cp =Sy (Y]
zlo Lo o 1heo ss hos, ¢, hz)o

x 10 0YsS 0 -Gy Cr Sy 0yx
RONED[Y] =|0 G S [0 1 0 ] -Sy Cy O [Y]
Zh o =S, Ao s Ko o i \z)hw

With further reference to FIGS. 2-4, one aspect of the
disclosed embodiments was the realization that triaxial
magnetometer measurements may be modelled, for

example, as follows:
b, €8,
b, ] +| €z,
b, €3,

By 1 0 0 1 0 0
B, | = [0 1 =y ][ 0 1 =y, ]
B, )i \O yos 1 0 yewe 1

where B,, B,, and B, represent the triaxial magnetometer
measurements in the original coordinate system at survey
station (survey location) i, Ex, Ey, and Ez, represent the true
magnetic field vector (or true magnetic field measurements
representative of reality), b,, b,, and b, represent the mag-
netometer bias, v, and v, represent eddy current compensa-
tion terms for drill collar rotation Y, and roll-stabilized
sensor housing rotation ,, ®, and ®, represent the rotation
rates (angular frequency) of the drill collar and sensor
housing, and €B,, €B,, and €B, represent error terms.

B,
B,

s

+

<
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It will be appreciated in certain operations, or at various
times within an operation, that the sensor housing rotation
rate may be zero or near zero such that the above equation
reduces to the following:

B, 1 0 0 B, b, R
B, J; 0 v, 1 ﬁ, b, &g,

In the NED coordinate system, the gravity and magnetic
fields may be defined as follows:

By B cos(D)
oL
B, Jvep  \ B sin(D)
where G represents the total gravitational field at the loca-
tion, B represents the total magnetic flux at the location, and
D represents the dip angle of the magnetic flux at the
location. Assuming that the true azimuth, inclination, and
toolface are known, the true gravity vector and magnetic

field vector in the original coordinate system (e.g., at the
tool) may be expressed as follows:

Gy 0 G cos [
Gy =R0NED[O]=(Gsinlsin¢]
G, Jo G G sin [ cos ¢

B cos(D)
= RONED[ 0 ] =
L B sin(D)

+cos I sin D +cos ¢ cos D sin [ ]

AU

|

EEY

B[ sin D sin [ sin ¢ —cos D(cos ¢ sin ¥ + cos Y cos [ sin ¢)
cos D (sin ¢ sin ¢ —cos ¥ cos I cos ¢)+cos ¢ sin D sin [

The magnetometer bias may be thought of as a semi-
constant parameter. For example, at the survey station i, if
the true magnetic field is (VB,, \/Ey, \/EZ)T the bias offset
may be expressed as follows:

Turning now to FIG. 5, as described above, an interfering
magnetic field may result, for example, from an eddy current
(or eddy currents) in the rotating drill collar and/or sensor
housing. Rotation of the collar 62 and/or housing 70 in the
Earth’s magnetic field By, may generate an eddy current in
the collar 62 and/or housing 70 (owing to the Lorentz force
created by the Earth’s field penetrating rotating collar and/or
housing). The interfering field B,,,, is directed in the radial
direction as shown such that the measured field B, may
deviate from the external field B, In this disclosure it is
assumed that the amplitude of B,,,, (the magnetic field
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induced by eddy current) is proportional to the strength of
the external magnetic field B, the rotational speed of the
collar ®. and/or the sensor housing ®,, and the eddy current
coefficients . and v,. It is further assumed that the induced
magnetic field B,,,, is orthogonal to the external magnetic
field owing to the symmetry of the collar and sensor hous-
ing.

Based on the foregoing assumptions the induced magnetic
fields from eddy currents in the drill collar and sensor
housing may be expressed, for example, as follows:

B, 1 0 0 1 0 0 B,
B. )i \0 v, 1 0 yw. 1 B

In operations in which (or at times at which) the sensor
housing is essentially geostationary (non-rotating), the pre-
ceding equation may be simplified as follows:

B, B 0 1 0 0 B
B. )i \E B, 0 yw: 1 B,

As shown above, the eddy current effect may be approxi-
mated as a rotation of a misalignment matrix around the tool
axis (the x-axis in the original coordinate system). An
accurate estimate of the eddy current compensation terms v,
and 7, is needed to accurately compensate (correct) the
magnetic field measurements for eddy current effects.

FIGS. 6A and 6B (collectively FIG. 6) depict example
methods 100 and 100" for drilling a subterranean wellbore.
The methods 100 and 100' may include deploying a drill
string, including a BHA, in the wellbore, e.g., as shown on
FIG. 1. The BHA may include a rotary steerable drilling tool
including a drill collar and a roll-stabilized sensor housing,
e.g., as shown on FIGS. 2 and 3. The BHA is rotated in the
wellbore at 102, for example, to drill. Triaxial magnetic field
measurements and triaxial accelerometer measurements
(gravitational field measurements) are made using corre-
sponding sensors located in a roll-stabilized housing at 104.
Rotation rates of the drill collar and/or the sensor housing
may also be measured at 104. The triaxial accelerometer
measurements may be evaluated at 106 to compute wellbore
inclination I, total gravity G, and the gravity tool face GTF
of the sensor housing. The wellbore inclination, gravity tool
face, the magnetic field measurements, and the latest bias
offset, eddy current compensation, and total magnetic field
may be processed with a Kalman filter at 108 to compute the
wellbore azimuth y, the derivative of the wellbore azimuth
with respect to time Y, an updated magnetometer bias, total
gravity, and eddy current compensation values as indicated
at 109. The wellbore inclination and wellbore azimuth may
be optionally used for wellbore position and trajectory
control at 112 while drilling continues in 102. For example,
the direction of drilling in 102 may be adjusted in response
to the inclination and azimuth (e.g., by adjusting the posi-
tions of blades or other actuating components in a rotary
steerable tool) to continue drilling along a predetermined
path or some other desired path.

With continued reference to FIG. 6, an example state
model may be defined, for example, as follows:

B 1=GBt0
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In one example:

Brr1 =

Rl

\‘F‘

b, Jrn

where o represents the wellbore azimuth, crepresents the
derivative of the wellbore azimuth with respect to time, Y
represents the eddy current compensation term for the drill
collar or the sensor housing, B represents the total magnetic
field, and b,, b, and b, represent the magnetometer bias.

A measurement model may be defined, for example, as
follows:

€8

B, x
B = [By] =HW, v, B, by, by, b;, I, D, ¢)+[83y]
B, );

EBZ

where H represents the observation model function. The
extended Kalman filter may be configured to solve the
problem and compute ®, ®, v, B, b, by, and b, at 108. For
this example, the system prediction step may be expressed
as follows:

\/Flﬁ» =GBy

T, ,=GC,GT+R
The Kalman gain calculation may be given as follows:
Kk+1:\/6k+1JT(J\/6k+IJT+Q)T

The state vector and covariance matrix may be updated
with the measurements as follows:

Bewt :\/Bk+ 1K 1(z—H)

Cror=(E-K,, 1H)\/ac+1

where 3 is the state vector which includes (e, d), Y. B, b, by,
and b,)”, G is the system matrix (and is not to be confused
with the total gravity), R is the covariance matrix for system
uncertainty, Q is the measurement noise covariance matrix,
and J is the Jacobian matrix which is the differential of H
with respect to . The contents of the Jacobian matrix may
be obtained, for example, using the symbolic math toolbox
of MATLAB.

FIGS. 7A and 7B (collectively FIG. 7) depict flow charts
of example methods 120 and 120’ for drilling a subterranean
wellbore. These methods may include deploying a BHA in
a wellbore in which the BHA includes a rotary steerable
drilling tool having a roll-stabilized sensor housing as
described above with respect to FIG. 6 (and FIGS. 2 and 3).
The BHA is rotated in the wellbore at 122, for example, to
drill. Triaxial magnetic field measurements and triaxial
accelerometer measurements (gravitational field measure-
ments) are made using corresponding sensors located in the
roll-stabilized housing at 124. Rotation rates of the drill
collar may also be measured at 124. The triaxial acceler-
ometer measurements may be evaluated at 126 to compute
wellbore inclination I, total gravity G, and the gravity tool
face GTF of the sensor housing.

In FIG. 7A, an eddy current compensation term Y may be
computed from the measured collar rotation rate (or a
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change in the collar rotation rate) at 128 as also shown at 140
on FIG. 7B. The wellbore inclination, gravity tool face, the
magnetic field measurements, and the latest magnetometer
bias, eddy current compensation term, and total magnetic
field may then be processed with a Kalman filter at 130 to
compute the wellbore azimuth ®, the derivative of the
wellbore azimuth with respect to time ®, and updated
magnetometer bias and total gravity. The wellbore inclina-
tion and wellbore azimuth may be optionally used for
wellbore position and trajectory control at 132 while drilling
continues in 122. For example, the direction of drilling in
122 may be adjusted in response to the inclination and
azimuth (e.g., by adjusting the positions of blades or other
actuating components in a rotary steerable tool) to continue
drilling along a predetermined path.

It will be appreciated that methods 120 and 120' are
similar to methods 100 and 100" in that they utilize a Kalman
filter to estimate the wellbore azimuth, but differ therefrom
in that the eddy current compensation term 7Y is updated
independently from the Kalman filter, for example, when a
significant change in collar (or sensor housing) rotation has
been detected. An example state model for the Kalman filter
130 of method 120 and 120" may be given as follows (note
that the example model will not include the eddy current
compensation term 7):

Br1=GBrres
In one example:

Bk+1 =

S

\‘F‘

b, Jin

The measurement model may be defined, for example, as
given above where 7Y is obtained using the separate algo-
rithm. The contents of example Jacobian matrix of H may be
obtained as also described above.

The eddy current compensation term Y may be estimated,
for example, from a change in angle X when the rotation rate
changes. It will be appreciated that angle X is the angle
between the gravity and magnetic field vectors in the y-z
plane (the cross axial plane perpendicular to the axis of the
BHA) and may be computed, for example, as follows:

B,G, +B,G,
X = acos[L)

[Byzl| Gl

where IB, | and IG, | represent the magnitudes of the
cross-axial (the yz) components of the magnetic field mea-
surements and the accelerometer measurements. In the
absence of eddy currents, angle X is essentially constant.
However, angle X has been found to change with changing
collar rotation rate (e.g., increase with increasing rotation
rate). This dependency on the collar rotation rate may be
used to estimate the eddy current compensation term 7 (and
to estimate changes in the eddy current compensation term
with a changing rotation rate of the collar). An example error
model for angle X is given below:

o

G*sint/

o X
32(1 — (cosyrcosDsind + sinDcosI)z)

var(dX) =
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where 6(dB) and 6(dG) are standard deviations of the noise
level of the magnetometer (€;) and accelerometer (€ )
readings (including environmental noise). There are geox-
metric conditions in which high errors can be observed. In
general, high errors are observed when the tool axis is
parallel to the reference magnetic or gravity field. More
generally, it can be noisier when the wellbore is heading to
the north in the northern hemisphere, heading to the south in
the southern hemisphere, and the tool is vertical.

FIG. 8 schematically depicts a cross section of an example
drill collar 62 and indicates one example method for esti-
mating the eddy cwrrent compensation term Yy from the
relationship between angle X and the collar (or sensor
housing) rotation rate (the sensor housing is not shown for
simplicity of illustration). The cross axial magnetic field
B, and the cross axial gravitational field G,_ are indicated.
As described above, angle X is the angle between these two
vectors in the cross-axial plane. In this depiction, angle X is
assumed to be X, when the collar rotation rate is zero, X,
when the collar rotation rate is ®,, X, when the collar
rotation rate is ®,, and so on. Based on the depiction in FIG.
8, angle X may be expressed in terms of the collar (and/or
sensor housing) rotation rate, for example, as follows:

X =X tatan Yo

Taking the derivative of angle X with respect to ® and
solving for 7y yields the following:

While the preceding equation provides a suitable solution
for the eddy current compensation term 7y, a simplified
solution may be obtained by recognizing that the eddy
current compensation term may be approximated as follows
when w”>>a? (e.g., when w*/a” approaches zero):

This approximation provides for more robust computation
of vy and advantageously has an error of less than 1 percent
for most drilling conditions (e.g., collar rotation rates of less
than about 300 rpm).

With reference again to FIG. 7B, an updated eddy current
compensation term Y may be computed at 140, for example,
as follows. A change in the collar (or sensor housing)
rotation rate may be detected at 142. For example, a moving
average may be applied to the collar rotation rate measure-
ments at 142 (e.g., a moving average over 25 or 50 mea-
surements). The range (max—min) of the averaged rotation
rates may be computed over predetermined time intervals at
(e.g., in overlapping 2 minute windows) and compared with
a threshold at 144 (e.g., 50, 100, or 150 rpm). When the
range is greater than the threshold, additional data is col-
lected at 146 and an updated eddy current compensation
term v is computed at 148, for example via computing a
linear regression with the rotation rate and angle X. The
updated eddy current compensation term Y may be option-
ally checked at 150, for example, via evaluating the standard
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error oy, the fitting error ey, and/or a difference from a
reference obtained from a prior data set Iy-y, d. When the
quality control parameter(s) are within predetermined crite-
ria, the updated eddy current compensation term Y may be
input into the Kalman filter at 128. It will be appreciated that
the updated eddy current compensation term Y may be
computed, for example, by averaging the new estimate with
the previous estimate (or a fraction of the previous estimate)
to reduce noise.

Turning now to FIGS. 9A and 9B (collectively FIG. 9),
flow charts of still other example methods 160 and 160 for
drilling a subterranean wellbore are depicted. Methods 160
and 160' are similar to methods 100, 100, 120, and 120' in
that they include deploying a BHA in a wellbore in which
the BHA includes a rotary steerable drilling tool having a
roll-stabilized sensor housing as described above. The BHA
is rotated in the wellbore at 162, for example, to drill. The
roll-stabilized sensor housing is slowly rotated with respect
to the wellbore at 164. By slowly rotated it is meant that the
sensor housing rotation rate is much less than the drill collar
and/or BHA rotation rate. For example, the sensor housing
rotation rate may be less than about 10 rpm. In one example
embodiment described in more detail below by way of
example, the sensor housing rotation rate is 4 rpm. In
example embodiments, the roll-stabilized sensor housing
may be geostationary during certain time intervals and
slowly rotating during other time intervals. For example, at
predetermined time or depth intervals the roll-stabilized
sensor housing may slowly rotate for a predetermined time
(e.g., 1 or 2 minutes) or a predetermined number of rotations
(e.g., 2, 4, or 6 full rotations).

Triaxial magnetic field measurements and triaxial accel-
erometer measurements (gravitational field measurements)
are made while the sensor housing is slowly rotating using
the corresponding sensors located in the roll-stabilized hous-
ing at 166. Rotation rates of the drill collar and/or the sensor
housing may also be measured at 166. The triaxial acceler-
ometer measurements may be evaluated at 168 to compute
wellbore inclination I, total gravity G, and/or the gravity tool
face GTF of the sensor housing.

Methods 160 and 160" are similar to methods 120 and 120
in that they further include computing an eddy current
compensation term Y (or terms) from the rotation rates (or
change in rotation rates) of the drill collar and/or the sensor
housing at 170. For example, methods 160 and 160' may
include computing first and second eddy current compen-
sation terms Y. and 7y, from the rotation rates of the drill collar
and the sensor housing. It will be appreciated that in certain
tool embodiments, the sensor housing may be fabricated
from a highly conductive aluminum alloy and that the eddy
current effect can be significant even though the sensor
housing rotates slowly compared to the collar.

The magnetometer measurements made at 166 while the
sensor housing is slowly rotating and the updated eddy
current compensation terms are processed downhole at 172
(also depicted at 180 in FIG. 9B) to compute new magne-
tometer bias. This new magnetometer bias, the eddy current
compensation terms, the magnetometer measurements, and
the wellbore inclination are evaluated at 174 to compute the
wellbore azimuth y. The computed wellbore azimuth and a
previous wellbore azimuth may be further processed at 176
with a Kalman filter to compute a corrected (or smoothed or
filtered) wellbore azimuth. The wellbore inclination and the
wellbore azimuth may then be optionally used for wellbore
position and trajectory control at 178 while drilling contin-
ues in 162. For example, the direction of drilling in 162 may
be adjusted in response to the inclination and azimuth (e.g.,
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by adjusting the positions of blades or other actuating
components in a rotary steerable tool) to continue drilling
along a predetermined path.

With continued reference to FIG. 9, a state model for the
Kalman filter may be given, for example, as follows: 5

Brr1=GBkt®

In one example,

The measurement model may be defined as given below
in which the updated eddy current compensation term(s) Y
is/are computed as described above.

15

4
Vrempk =H[ . ) +&y 20
Wik
where ®,,,,,,  1s a temporary azimuth and H=(1 0). The latest
Y,o.mp ¢ May be derived from the modified magnetometer
readings with the latest bias and 7. For example, the mag- ,5
netometer reading may be corrected using the following
equation.
B 1 0 0 YylYfB: by 30
B, =0 1 —yo B, | -| b
B, ), 0 yo 1 B, J; b,

Note that the magnetometer measurements are corrected
to remove the bias and to compensate for the eddy current 35
induced effect on the magnetometer measurements.

The azimuth, dip, and total magnetic field may be com-
puted as follows from the measured accelerometer and
magnetometer measurements.

40
(G,B, - GB)\GE+ G2+ G2
empk = At
Vienpi = atan B.(G2+ G?) - G.(G,8, + G.B;)

45

G,B, + G.8, + G.B,

Dy = asin| (%8, + Gy + Gy
G+@+ G5 re 5 50

Biow =

The system prediction step may be given as follows:

55
\/Bk+1:GBk
VT, =GC,G™+R

The Kalman gain calculation is given below.

60
Kk+1:\/6k+1HT(H\/6k+1HT+Q)T

The state vector and covariance matrix may be updated
with measurements, for example, as follows:

Birt :\/Bk+ 1t Ve —H \/Blﬁ» hl 65

Cror=(E-K,, 1H)\/ac+1
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With continued reference to FIG. 9B, both eddy current
compensation terms Y, and Y, and the magnetometer bias are
updated independently from the Kalman filter. The bias
components may be estimated using downhole multi-station
analysis (MSA). In this example embodiment, the bias
determination includes detecting the slow sensor housing
rotation and collecting multiple sets of magnetometer mea-
surements (e.g., over at least 2 full rotations of the sensor
housing). The magnetometer bias may be evaluated using
MSA (as described in more detail below). An optional
quality control step may be employed before outputting an
updated magnetometer bias.

An example measurement model for the MSA is given
below.

By Wy
Bi:[By] =KW, 7, B, by, by, bz, 1, D, ¢) +| Way
B: )i Wwg,

where w (wpg , wg , and W } represents the error and K may
be defined from the measurement model discussed above:

The system vector x includes at least the magnetometer
bias b,, b, and b, and may optionally further include other
known parameters such as B, D, and/or y. It may be
advantageous to include one or more of the other known
parameters, for example, to provide quality control checks
on the computed bias. One example system vector X is given
below:

T ws

o
o

In this example, other parameters (such as [, ¥, V.. ®,, ®.,
D, and 0) are considered to be known and are input as
constants into the MSA model. Since the relationship
between the system vector and the observed magnetic field
measurements is non-linear, the problem may be advanta-
geously solved using a non-linear optimization, such as the
Gauss-Newton method to minimize w.

The Jacobian matrix of K over the system vector x is
given below.

where the components of J, may be obtained as described
above.

With continued reference to FIG. 9, multiple sets of
accelerometer and magnetometer measurements may be
made while slowly rotating the sensor housing at 164. These
multiple survey sets may be assumed to have the same
azimuth and inclination (since the depth of the wellbore is
essentially unchanged in the short period of time over which
the multiple sets are collected), but different toolface angles
(since the sensor housing is slowly rotating while the
multiple sets are collected). The measurements may be
expressed, for example, as follows:
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HEL)

The system vector x may be estimated by repeating the

following equation:
Ja Y (Y | (T Y (B Ky
xj+1:x}+[][] [] []_[]
Tkn Jx N Jx; ) \Jkn Jx \\ Br Ko )y,

The recursive process ends when the process converges
with the error being less than a threshold, where:

1

EITOr=norm{x;, ;—x;)

Though dip angle is used to estimate the bias, B is also
estimated and may be used to QC the estimated bias param-
eters.

It will be appreciated that the above-described procedure
may be further utilized to correct accelerometer bias, for
example, by including accelerometer bias terms in the
system vector x. Accelerometer bias may also be corrected,
for example, as described in commonly assigned U.S. Pat.
No. 9,945,222.

The effectiveness of methods 160 and 160’ is now shown
in more detail by way of the following non-limiting syn-
thetic example. FIG. 10 depicts plots of sensor housing
toolface, drill collar rotation rate, and wellbore azimuth with
time. In this example, the drill collar rotation rate 202
increased from about 60 rpm to about 240 rpm at 600
seconds. The sensor housing slowly rotated through 4 full
rotations at 4 rpm at 400, 800, and 1200 seconds and was
otherwise geostationary at a toolface angle of —90 degrees as
indicated at 204. The true wellbore azimuth 206 was con-
stant at 50 degrees from O to 900 seconds and then increased
linearly with time to 70 degrees at 1800 seconds. The
wellbore azimuth computed using the original magnetom-
eter measurements was from about 3 to about 6 degrees less
than the true wellbore azimuth as indicated at 208. At about
400 seconds (at 210) the magnetometer bias was corrected
using the methodology described above with respect to FIG.
9, however, the eddy current compensation was arbitrarily
set to a default value based on the size (e.g., diameter) of the
collar. The resulting wellbore azimuth measurements were
about 1 degree less than the true wellbore azimuth (owing to
the uncompensated eddy currents). At about 600 seconds,
the rotation rate of the drill collar increased to about 240 rpm
further increasing the eddy current error as shown at 212. At
about 650 seconds the eddy current compensation term was
updated but the magnetometer bias remained the same as the
correction made at 400 seconds. Note that the azimuth error
was significantly decreased but still significant. At about 800
and 1200 seconds the eddy current compensation terms and
the magnetometer bias were updated simultaneously as
described above with respect to FIG. 9. The resulting
wellbore azimuth estimates were within about 0.1 degree or
less of the true wellbore azimuth as shown at 214.

With further reference to the methods disclosed in FIGS.
6,7, and 9, it will be appreciated that the computed survey
parameters (e.g., the wellbore inclination and wellbore azi-
muth) may be stored in downhole memory and/or transmit-
ted to the surface, for example, via mud pulse telemetry,
electromagnetic telemetry, wired drill pipe, or other telem-
etry techniques. In some embodiments, the accuracy of the
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wellbore inclination and wellbore azimuth may be sufficient
such that the drilling operation may forego the use of
conventional static surveying techniques. In such embodi-
ments, the wellbore survey may be constructed at the surface
based upon the transmitted measurements and/or downhole
using a downhole processor.

With still further reference to FIGS. 6, 7, and 9, the
computed survey parameters may be used to control and/or
change the direction of drilling. For example, in many
drilling operations the wellbore (or a portion of the well-
bore) is drilled along a drill plan, such as a predetermined
direction (e.g., as defined by the wellbore inclination and the
wellbore azimuth) or a predetermined curvature. In some
embodiments, the computed wellbore inclination and well-
bore azimuth may be compared with a desired inclination
and azimuth. The drilling direction may be changed, for
example, in order to meet the drill plan, or when the
difference between the computed and desired direction (in-
clination and azimuth) or curvature exceeds a predetermined
threshold. Such a change in drilling direction may be imple-
mented, for example, via actuating steering elements in a
rotary steerable tool deployed above the bit (such as one of
the rotary steerable tools described above). In some embodi-
ments, the survey parameters may be computed in roll-
stabilized housing in the RSS, which may further evaluate
the survey parameters and the drill plan to compute a new
drilling direction in order to meet the plan. In some embodi-
ments the survey parameters may be sent to the surface using
telemetry so that the survey parameters may be analysed. In
view of the survey parameters, drilling parameters (e.g.,
weight on bit, rotation rate, mud pump rate, etc.) may be
modified and/or a downlink may be sent to the RSS to
change the drilling direction. In some embodiments both
downhole and surface control may be used

It will be appreciated that the methods described herein
may be configured for implementation via one or more
controllers deployed downhole (e.g., in a rotary steerable
tool or in an MWD tool). A suitable controller may include,
for example, a programmable processor, such as a digital
signal processor or other microprocessor or microcontroller
and processor-readable or computer-readable program code
embodying logic. A suitable processor may be utilized, for
example, to execute the method embodiments (or various
steps in the method embodiments) described above with
respect to FIGS. 6, 7, and 9. A suitable controller may also
optionally include other controllable components, such as
sensors (e.g., a temperature sensor), data storage devices,
power supplies, timers, and the like. The controller may also
be disposed to be in electronic communication with the
accelerometers and magnetometers. A suitable controller
may also optionally communicate with other instruments in
the drill string, such as, for example, telemetry systems that
communicate with the surface. A suitable controller may
further optionally include volatile or non-volatile memory or
a data storage device.

Although magnetometer bias and eddy current compen-
sation for dynamic surveying and certain advantages thereof
have been described in detail, it should be understood that
various changes, substitutions and alterations may be made
herein without departing from the spirit and scope of the
disclosure.

Although only a few example embodiments have been
described in detail above, those skilled in the art will readily
appreciate that many modifications are possible in the
example embodiments without materially departing from
this invention. Accordingly, all such modifications are
intended to be included within the scope of this disclosure as
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defined in the following claims. In the claims, means-plus-
function clauses are intended to cover the structures
described herein as performing the recited function and not
only structural equivalents, but also equivalent structures.
Thus, although a nail and a screw may not be structural
equivalents in that a nail employs a cylindrical surface to
secure wooden parts together, whereas a screw employs a
helical surface, in the environment of fastening wooden
parts, a nail and a screw may be equivalent structures. It is
the express intention of the applicant not to invoke 35 U.S.C.
§ 112, paragraph 6 for any limitations of any of the claims
herein, except for those in which the claim expressly uses
the words ‘means for’ together with an associated function.

The invention claimed is:

1. A method for drilling a subterranean wellbore, the

method comprising:
(a) rotating a bottom hole assembly (BHA) in the subter-
ranean wellbore to drill, the BHA including a drill
collar, a drill bit, a roll-stabilized housing deployed in
the drill collar and configured to rotate with respect to
the drill collar, and a triaxial accelerometer set and a
triaxial magnetometer set deployed in the roll-stabi-
lized housing;
(b) using the triaxial accelerometer set and the triaxial
magnetometer set to make corresponding triaxial accel-
erometer measurements and triaxial magnetometer
measurements while the BHA rotates in (a);
(c) measuring a rotation rate of the drill collar while the
BHA rotates in (a);
(d) processing the triaxial accelerometer measurements to
compute an inclination of the subterranean wellbore
and a gravity toolface of the roll-stabilized housing;
and
(e) processing the computed inclination, the computed
gravity toolface, the triaxial magnetometer measure-
ments, and the measured rotation rate of the drill collar
to compute an azimuth of the subterranean wellbore,
wherein influences of eddy currents and magnetometer
biases are accounted for in the computed azimuth,
wherein the processing in (e) comprises:
detecting a change in the measured rotation rate of the
drill collar;

processing the change in the measured rotation rate of
the drill collar and the triaxial magnetometer mea-
surements to compute an eddy current compensation
term, wherein the eddy current compensation term is
computed from a change in angle X when a change
in the measured rotation rate of the drill collar is
detected, wherein angle X is an angle between grav-
ity and magnetic field vectors in a cross-axial plane
of the drill collar; and

inputting the computed inclination, the computed grav-
ity toolface, the triaxial magnetometer measure-
ments, the eddy current compensation term, and a
magnetometer bias into a Kalman filter to compute
the azimuth of the subterranean wellbore and an
updated magnetometer bias.

2. The method of claim 1, further comprising:

(f) changing a direction of drilling the subterranean well-
bore in response to the inclination and the azimuth
computed in (c) and (d).

3. The method of claim 2, wherein:

the BHA further comprises a rotary steerable drilling tool
deployed uphole from the drill bit, the roll-stabilized
housing deployed in the rotary steerable drilling tool;
and

5

10

20

25

30

40

45

50

55

60

65

18

() further comprises actuating a steering element on the
rotary steerable drilling tool to change the direction of
drilling.

4. The method of claim 1, wherein the processing in (e)

further comprises:

inputting the computed inclination, the computed gravity
toolface, the triaxial magnetometer measurements, the
magnetometer bias, and the eddy current compensation
term into the Kalman filter to compute the azimuth of
the subterranean wellbore, the updated magnetometer
bias, and an updated eddy current compensation term.

5. The method of claim 1, wherein the eddy current

compensation term is equal to a derivative of angle X with
respect to the rotation rate of the drill collar.

6. The method of claim 1, wherein the processing in (e)

further comprises:

acquiring triaxial magnetometer measurements while the
roll-stabilized housing rotates with respect to the sub-
terranean wellbore;

processing the acquired triaxial magnetometer measure-
ments to compute a magnetometer bias; and

inputting the computed azimuth and a previous azimuth
into the Kalman filter to compute a smoothed azimuth
of the subterranean wellbore.

7. The method of claim 6, wherein:

multiple sets of triaxial magnetometer measurements are
acquired while the roll-stabilized housing rotates; and

the magnetometer bias is computed using the multiple sets
of triaxial magnetometer measurements and an
assumption that the subterranean wellbore has identical
azimuth and inclination for each of the multiple sets.

8. The method of claim 6, further comprising:

detecting the rotation of the roll-stabilized housing; and

processing a change in rotation rate of the roll-stabilized
housing and the triaxial magnetometer measurements
to compute a roll-stabilized housing eddy current com-
pensation term.

9. A rotary steerable system for drilling a subterranean

wellbore, the system comprising:

a roll-stabilized housing deployed in a drill collar, the drill
collar configured to rotate with a drill string, the
roll-stabilized housing configured to rotate independent
of the drill collar while drilling;

a rotation rate sensor configured to measure a rotation rate
of the drill collar;

a triaxial accelerometer set and a triaxial magnetometer
set deployed in the roll-stabilized housing; and

a controller deployed in the roll-stabilized housing con-
figured to (i) cause the triaxial accelerometer set and
the triaxial magnetometer set to make corresponding
triaxial accelerometer measurements and triaxial mag-
netometer measurements, (ii) cause the rotation rate
sensor to make drill collar rotation rate measurements
while drilling; (iii) process the triaxial accelerometer
measurements to compute an inclination of the subter-
ranean wellbore and a gravity toolface of the roll-
stabilized housing; and (iv) process the computed incli-
nation, the computed gravity toolface, the triaxial
magnetometer measurements, and the measured rota-
tion rate of the drill collar to compute an azimuth of the
subterranean wellbore, wherein influences of eddy cur-
rents and magnetometer biases are accounted for in the
computed azimuth,

wherein the controller is further configured in (iv) to:
detect a change in the measured rotation rate of the drill

collar;
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process the change in the measured rotation rate of the
drill collar and the triaxial magnetometer measure-
ments to compute an eddy current compensation
term, wherein the eddy current compensation term is
computed from a change in angle X when a change
in the measured rotation rate of the drill collar is
detected, wherein angle X is an angle between grav-
ity and magnetic field vectors in a cross axial plane
of the drill collar; and

use a Kalman filter to compute the azimuth of the
subterranean wellbore and an updated magnetometer
bias from the computed inclination, the computed
gravity toolface, the triaxial magnetometer measure-
ments, the eddy current compensation term, and a
magnetometer bias.

10. The rotary steerable system of claim 9, wherein the
controller is further configured to (v) actuate a steering
element on the rotary steerable system to change a direction
of drilling in response to the inclination and the azimuth
computed in (iii) and (iv).

11. The rotary steerable system of claim 9, wherein the
controller is further configured in (iv) to:

cause the roll-stabilized housing to rotate with respect to
the subterranean wellbore;

acquire triaxial magnetometer measurements while the
roll-stabilized housing rotates;

process the acquired triaxial magnetometer measurements
to compute a magnetometer bias; and

inputting the computed azimuth and a previous azimuth
into the Kalman filter to compute a smoothed azimuth
of the subterranean wellbore.

12. A method for drilling a subterranean wellbore, the

method comprising:

(a) rotating a bottom hole assembly (BHA) in the subter-
ranean wellbore to drill, the BHA including rotary
steerable system having a roll-stabilized housing
deployed in and configured to rotate with respect to a
drill collar, a triaxial accelerometer set and a triaxial
magnetometer set deployed in the roll-stabilized hous-
ing;

(b) causing the roll-stabilized housing to rotate at a lower
rotational speed than a rotational speed of the BHA;

(c) using the triaxial accelerometer set and the triaxial
magnetometer set to make multiple sets of correspond-
ing triaxial accelerometer measurements and triaxial
magnetometer measurements while the BHA rotates in
(a) and the roll-stabilized housing rotates in (b);

(d) measuring a rotation rate of the drill collar while the
BHA rotates in (a);
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(e) processing the triaxial accelerometer measurements to
compute an inclination of the subterranean wellbore
and a gravity toolface of the roll-stabilized housing;

(f) detecting a change in the measured rotation rate of the
drill collar;

(g) processing the change in the measured rotation rate of
the drill collar and the triaxial magnetometer measure-
ments to compute an eddy current compensation term
of the drill collar;

(h) processing the triaxial magnetometer measurements
and the eddy current compensation term of the drill
collar to compute a magnetometer bias, wherein the
magnetometer bias is computed using the multiple sets
of triaxial magnetometer measurements and an
assumption that the subterranean wellbore has identical
azimuth and inclination for each of the multiple sets;
and

(1) processing the computed inclination, the computed
gravity toolface, the triaxial magnetometer measure-
ments, the eddy current compensation term of the drill
collar, and the magnetometer bias to compute an azi-
muth of the subterranean wellbore.

13. The method of claim 12, further comprising:

(j) actuating a steering element on the rotary steerable
system to change a direction of drilling in response to
the inclination and azimuth computed in (e) and (i).

14. The method of claim 12, further comprising:

() inputting the computed azimuth and a previously
computed azimuth into a Kalman filter to compute a
smoothed azimuth of the subterranean wellbore.

15. The method of claim 12, wherein (g), (h), and (i)

further comprise:

(g) processing the change in the measured rotation rate of
the drill collar, a rotation rate of the rotating roll-
stabilized housing, and the triaxial magnetometer mea-
surements to compute the eddy current compensation
term of the drill collar and an eddy current compensa-
tion term of the roll-stabilized housing;

(h) processing the triaxial magnetometer measurements,
the eddy current compensation term of the drill collar,
and the eddy current compensation term of the roll-
stabilized housing to compute the magnetometer bias;
and

(1) processing the computed inclination, the computed
gravity toolface, the triaxial magnetometer measure-
ments, the eddy current compensation term of the drill
collar, the eddy current compensation term of the
roll-stabilized housing, and the magnetometer bias to
compute the azimuth of the subterrancan wellbore.
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